Abstract: Epidemiological studies have identified a robust association between type II diabetes mellitus and Alzheimer disease (AD), and neurobiological studies have suggested the presence of central nervous system insulin resistance in individuals with AD. Given this association, we hypothesized that the central nervous system-penetrant insulin-sensitizing medication metformin would be beneficial as a disease-modifying and/or symptomatic therapy for AD, and conducted a placebo-controlled crossover study of its effects on cerebrospinal fluid (CSF), neuroimaging, and cognitive biomarkers. Twenty nondiabetic subjects with mild cognitive impairment or mild dementia due to AD were randomized to receive metformin then placebo for 8 weeks each or vice versa. CSF and neuroimaging (Arterial Spin Label MRI) data were collected for biomarker analyses, and cognitive testing was performed. Metformin was found to be safe, well-tolerated, and measureable in CSF at an average steady-state concentration of 95.6 ng/mL. Metformin was associated with improved executive functioning, and trends suggested improvement in learning/memory and attention. No significant changes in cerebral blood flow were observed, though post hoc completer analyses suggested an increase in orbitofrontal cerebral blood flow with metformin exposure. Further study of these findings is warranted.
pidemiological studies have long noted an association between type II diabetes mellitus (T2DM) and Alzheimer disease (AD). [1] [2] [3] While a history of T2DM increases risk for subsequent AD by 50% to 100%, peripheral insulin resistance (with normal blood glucose) itself is a risk factor for AD, as well as a common feature of the disease. Insulin resistance has been associated with reduced activation of cerebrocortical insulin receptors, impaired amyloid-b (Ab) oligomer clearance, higher Ab 1-42 secretion, abnormal neuritic plaque load in the brain, and decreased cerebral glucose metabolism that correlates with decreased memory recall. Consequently, a number of investigators have argued that insulin resistance in AD, defined broadly as reduced cellular responsiveness to insulin, may occur not only in peripheral tissues but also in the brain, leading some to label AD with the moniker "type III diabetes." 4 The relationship between T2DM and AD has prompted clinical trials with intranasal insulin 5 and other antidiabetes medicines, with benefit reported in some trials but not others. 6, 7 Craft and colleagues have produced a compelling line of research on insulin abnormalities in AD, uncovering insulin resistance in AD as well as a relationship to APOE status, 8, 9 AD-like biomarker profiles in prediabetics, 10 and beneficial changes on memory and dementia severity rating scales, peripheral and central glucose metabolism, and Fluorodeoxyglucose Positron Emission Tomography activity using acute and chronic insulin treatment. [11] [12] [13] [14] More recently, Morris et al 15 examined systemic insulin resistance in mild cognitive impairment (MCI) and AD subjects (as compared with normal controls) using an insulin clamp technique, and observed increased insulin resistance in cognitively impaired subjects. Infusion of exogenous insulin, however, did not improve memory deficits in these subjects. 15 Although these studies have provided evidence for a potential therapeutic benefit of increasing insulin activity in the brains of individuals with AD, our own findings of molecular "paralysis" of the IRS-1/Akt insulin signaling pathway in postmortem brain tissue of individuals with AD have led us to propose that resensitizing this pathway, rather than overcoming it with insulin, may be a useful therapeutic strategy. This alternative approach also takes into consideration the fact that chronic insulin exposure among systemically insulin-resistant individuals or exogenous insulin administration itself might further worsen brain insulin resistance and actually promote AD pathology. 16 Here we describe data from a 16-week, randomized, double-blinded, placebo-controlled crossover pilot study of the central nervous system (CNS) effects of metformin in AD. Metformin is an insulin sensitizing medicine, the firstline treatment, 17 and the most widely prescribed oral medication for T2DM in the world. Its principal mechanism of action is thought to be activation of AMP-activated protein kinase (AMPK), which inactivates the mTOR/ p70S6K-mediated negative feedback loop to insulin receptor substrate-1, thus enhancing insulin signaling. 18 In T2DM, AMPK activation improves hyperglycemia by increasing insulin sensitivity of peripheral tissues and inhibiting hepatic gluconeogenesis. Of particular interest, AMPK also regulates tau phosphorylation, Ab production, and autophagy, all of which are critical processes in AD. 19 In contrast to other antidiabetic medicines that have been of interest in AD (eg, insulin secretagogues, starch digestion inhibitors, incretin-based therapies, and thiazolidinedione PPARg agonists), metformin has been shown to cross the blood-brain barrier, at least in rodent models. 20 To date, there has been limited published research on the role of metformin in AD. One large epidemiological study in Taiwan reported that T2DM increased risk for dementia >2-fold. 21 Furthermore, compared with untreated type II diabetics, individuals treated with sulfonylureas experienced a reduction in hazard ratio from 1 to 0.85, while those treated with metformin had an even greater reduction, from 1 to 0.76. 21 The results of preclinical studies have been more varied. Metformin ameliorated insulin resistance and reduced AD-like changes of tau hyperphosphorylation and Ab overproduction in a hyperinsulin-induced neuroblastoma cell line (N2A) model of AD, 16 and another study showed that metformin reduced tau phosphorylation in primary neuron cultures from a tau transgenic mouse. 22 In contrast, another study in a neuronal cell line reported that metformin increased bsecretase activity and Ab generation. 23 We conducted a brief, deep-phenotyping trial in nondiabetic subjects with MCI and early dementia due to AD using high-dose metformin and multidimensional biomarker outcomes. Given preclinical findings, epidemiological observations, and metformin's known mechanisms of action, we hypothesized that metformin would be measureable in cerebrospinal fluid (CSF), induce metabolic and physiological changes consonant with its actions in the periphery, and produce salutary effects on cognition as well as on CSF biomarkers of AD.
METHODS

Overview
This pilot study used a randomized, double-blinded, placebo-controlled crossover design to examine the effects of metformin on biochemical, neurophysiological, and cognitive biomarkers of AD. All subjects provided informed consent in a study approved by the Human Subjects Institutional Review Board at the University of Pennsylvania. Subjects were randomized 1:1 to receive metformin (2000 mg/d) for 8 weeks followed by placebo for 8 weeks or vice versa (Fig. 1) . The dosage titration and administration schedule was as follows: metformin 500 mg (or placebo) by mouth daily for 1 week, then daily dose (in divided doses) increased by 500 mg per week until a maximum of 2000 mg/d (1000 mg twice daily) was reached. If patients experienced poor tolerance (especially gastrointestinal side effects), titration to maximum tolerated dose was allowed. All assessments and procedures were performed at the Hospital of the University of Pennsylvania or its outpatient clinical facilities. This trial was registered at ClinicalTrials.gov, NCT01965756.
Blinding and Randomization
Study medication and matching placebo were prepared, with the blind maintained, by the University of Pennsylvania Health System research pharmacy. The research pharmacy purchased commercially available metformin 500 mg tablets and manufactured a blinded opaque capsule containing 500 mg of metformin per capsule. A matching blinded opaque placebo capsule, identical in appearance to the active capsule but containing only inert ingredients, was also prepared. Subjects were randomized to each study group using a simple computer-generated randomization table. Subjects were assigned sequentially to receive either active medication first or placebo first. Apart from research pharmacy staff, all investigators remained blinded to the intervention until study completion.
Subjects
Eligibility criteria included: age 55 to 80 years at screening, no known history of diabetes or prediabetes, diagnosis of MCI or early dementia due to AD (Clinical Dementia Rating Scale Score [CDR]-Globalr1.0), screening Mini-Mental State Examination > 19, at least 1 positive biomarker consistent with AD (eg, CSF analysis, Fluorodeoxyglucose Positron Emission Tomography, amyloid scan), baseline Geriatric Depression scale total < 6 (to exclude subjects with concomitant depressive symptomatology), modified Hachinski Ischemic score < 4 (to exclude subjects with potential vascular etiology to their cognitive complaints), and fasting blood glucose <110 or HgbA1c < 6.0 (to exclude subjects with diabetes or prediabetes). Individuals on an acetylcholinesterase inhibitor were required to be on a stable dose for at least 2 months by the baseline study visit. Exclusionary criteria were as follows: any CNS disease other than suspected incipient AD, history of diabetes or pancreatic, liver, or renal disease, history of substance abuse or dependence within the past 2 years, contraindication to participation in magnetic resonance imaging (MRI) (eg, pacemaker) or lumbar puncture (eg, anti-coagulant therapy), and current use of certain medications with known deleterious effects on cognition (eg, highly anticholinergic medications, antihistamines, antipsychotics, sedatives/hypnotics, anxiolytics). A modified Hachinski Ischemic Scale (MHIS) 24 was completed at screening, based on medical history (focusing on the onset and clinical presentation of cognitive symptoms, as well as cerebrovascular risk factors and clinical features) and neurological examination of the subject. The MHIS was used to differentiate dementia of the Alzheimer type from vascular dementia. The CDR scale 25 was performed at screening and week 0 to measure degree of functional impairment, including ratings on degrees of impairment in memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care.
Measures and Assays
CSF
Each subject underwent 8:00 AM lumbar puncture for CSF collection at week 0 (baseline) and week 8, allowing parallel-design comparison of groups treated with metformin and placebo during the first phase of the study. Repeat lumbar puncture at week 16 was not included in study design for tolerability considerations. CSF samples were collected in polypropylene tubes and immediately aliquoted, frozen, and stored at À801C for batch-run analyses. Innogenetics Innotest ELISAs were used for measurement of Ab , total tau, and phosphorylated tau as per manufacturer instructions. 26, 27 Pseudocontinuous Arterial Spin Label (ASL) MRI
Resting pseudocontinuous ASL-MRI 28 was performed at weeks 0, 8, and 16 to measure regional cerebral perfusion using a 3T whole-body Siemens TIM Trio scanner during a scanning protocol that included MP-RAGE and FLAIR. Previously described methods were used for data acquisition and data processing. 29 Analyses focused on detecting changes in cerebral blood flow (CBF) in a priori specified regions of the temporal, parietal, and frontal cortices, as defined in the Automated Anatomical Labeling atlas. 30 , attention (score on forward DS, percent correct on simultaneous DMS), language (Boston Naming Test total), and motor speed [CANTAB Reaction Time (RTI), TMT-A time). The Geriatric Depression Scale was administered at weeks 0, 8, and 16 to screen for concomitant depressive symptoms that could affect cognition or trial participation. 33 The Dementia Severity Rating Scale was administered at weeks 0, 8, and 16 to assess changes in everyday functioning associated with exposure to metformin and placebo. 34 
Cognitive and Functional Measures
Statistical Analysis
Descriptive statistics (mean and SD or percentage and N) were used to characterize and compare the 2 treatment arms. Distributions were examined before all analyses. Linear mixed-effects models 35 were used for comparing baseline scores at the end of each study phase between the 2 treatments, adjusted for study phase (phase 1 or 2) and treatment sequence (placebo followed by metformin, or metformin followed by placebo). Fixed effects in the linear mixed-effects model included treatment, phase, and sequence. Subject-specific random intercepts were used to account for the correlation between repeated measures. When applicable, differences across groups were tested using the Fisher exact test or Wilcoxon Rank-sum, with Wilcoxon Signed-rank test used for pairwise comparisons. Outcomes in this study were exploratory, so multiple comparison corrections were not applied. 36 P-value <0.05 was considered significant, and P-value <0.10 was considered a trend. All statistical tests were 2-sided. Statistical analyses were conduct using Stata SE version 13.1 (StataCorp LP, College Station, TX) and SAS version 9.2 (SAS Institute Inc., Cary, NC). On the basis of our power calculations for anticipated effects on the ADAS-Cog, we planned to recruit a total of 30 subjects (though recruitment goals were not met due to budgetary constraints). Allowing for a 15% dropout rate and using a 2-sided paired t test with a = 0.05 and power = 0.80, we calculated that we would be able to detect at least 0.6 SD of the difference in ADAS-cog between groups.
RESULTS
Baseline Clinical Characteristics
Twenty subjects meeting eligibility criteria were enrolled, and all completed the 16-week pilot study between January 2013 and May 2015 (Supplemental Fig. 1 , http:// links.lww.com/WAD/A169). There were 9 women and 11 men, all white (1 Hispanic), with a mean age of 70.1 years (SD = 6.89) and education of 16.7 years (SD = 2.77). At baseline, mean mini-mental state examination was 25.9 (SD = 2.26), mean CDR was 0.66 (SD = 0.58), mean Geriatric Depression Scale was 1.20 (SD = 1.15), and mean MHIS was 0.32 (SD = 0.48). Baseline demographic measures did not differ significantly between treatment sequence groups at baseline (group 1: placebo followed by metformin, group 2: metformin followed by placebo) ( Table 1) . Clinical diabetes measures, including plasma glucose and HbA1c, were within normal limits and did not differ significantly at baseline between groups.
Safety
The most common side effects of metformin include gastrointestinal-related symptoms (eg, anorexia, nausea, diarrhea), lactic acidosis, and hypoglycemia. Treatment with metformin, but not placebo, was associated with a decrease in body mass index (BMI) (P < 0.05) and an increase in plasma lactate levels (P < 0.05) over time ( Table 2) . BMI remained within "healthy" range or above (> 18.5) for all subjects except 2: 1 subject was slightly underweight at the start of the study (BMI = 17.7), with BMI that decreased to 17.1 while on metformin. A second subject began the study in healthy range (19.4) and became slightly underweight (17.98) while on metformin. Plasma lactate levels remained within normal range for all subjects except 2, including a 74-year-old man who experienced an elevation in lactate from 1.1 to 2.6 mmol/L that corrected to 1.0 mmol/L upon switching to placebo (normal range, 0.5 to 1.5 mmol/L) and a 68-year-old woman who experienced an elevation in lactate from 0.8 to 2.0 mmol/L with metformin, which corrected to 0.7 mmol/L after metformin was discontinued at the end of the study. Neither subject presented initially with any contraindications to metformin use, including hepatic or renal dysfunction, heart failure, or history of alcohol abuse. Treatment with metformin or placebo was not associated with changes in plasma insulin or glucose levels over the course of the study, nor were changes in depressive symptoms or functional status observed. No serious adverse events were reported during the trial.
CSF Analyses
All subjects completed baseline CSF collection. Nine of 10 subjects in group 1 agreed to repeat CSF collection at week 8, whereas 8 of 10 subjects in group 2 agreed to repeat collection. Metformin levels were measured at week 8 for group 2 subjects. Mean fasting levels were 951.9 ng/mL (SD = 828.0) in plasma and 95.6 ng/mL (SD = 71.0) in CSF. Pairwise analyses revealed no significant change within individuals in CSF glucose or protein levels, or in CSF Ab 42 , total tau, or phosphorylated tau levels across groups (Supplemental Table 1 , http://links.lww.com/WAD/ A170).
Functional Neuroimaging
Resting-state ASL-MRI was collected at 3 time points, including week 0 (baseline), week 8, and week 16. No statistically significant treatment effects were observed in any of the predefined regions of interest using an intent-totreat sample, including anterior cingulate (P = 0.83), fusiform gyrus (P = 0.84), hippocampus (P = 0.44), inferior frontal gyri (opercular: P = 1.00, triangular: P = 0.99), middle frontal gyrus (P = 0.86), orbitofrontal gyri (middle: P = 0.65, superior: P = 0.52, inferior: P = 0.95, medial: 0.98), parahippocampal gyrus (P = 0.12), posterior cingulate (P = 0.31), precuneus (P = 0.84), rolandic operculum (P = 0.99), or superior frontal gyri (dorsolateral: P = 0.83, medial: P = 0.66) (Supplemental Table 2 , http://links.lww.com/WAD/A171). However, pooled post hoc analyses consisting of those subjects who successfully completed ASL-MRI scans before and after metformin exposure (n = 17) and before and after placebo exposure (n = 18) demonstrated a significant increase in superior (P < 0.05) and middle orbitofrontal (P < 0.05) CBF over 8 weeks of treatment with metformin but not placebo (Fig. 2 , Supplemental Table 3 , http://links.lww.com/WAD/A172).
Cognition
A statistically significant treatment effect favoring metformin was observed on 1 measure of executive functioning (Trails-B: P < 0.05), and statistical trends favoring metformin were observed on a measure of learning and memory (PAL total errors: P = 0.06) and a measure of attention (DMS Percent Correct Simultaneous: P = 0.07). No statistically significant treatment effects were observed on measures of language or motor speed (Table 3) .
DISCUSSION
This brief randomized crossover pilot trial used a multidimensional biomarker panel to explore the effects of metformin in MCI and early dementia due to AD. Plasma, CSF, neuroimaging, and cognitive data were collected using an efficient trial design that permitted comparisons across and within subjects. The goals of the trial were 3-fold: (1) demonstrate that a "nimble" phenotyping trial design could be implemented in a clinical population with early AD; (2) determine whether metformin was safe, tolerated, and biologically active in the CNS of individuals with AD; and (3) explore whether metformin exerted salutary effects on AD cognitive and biological markers.
We demonstrated that metformin penetrates the blood-brain barrier (as evidenced by measurable CSF levels), though did not exert a measurable effect on CSF AD biomarkers over the course of the 8-week exposure. Interestingly, we found evidence of improved executive functioning during treatment with metformin but not placebo, and trends suggested improved learning, memory, and attentional abilities during metformin treatment as well. These positive findings, despite the limited sample size and relatively short length of the trial, are promising and warrant further exploration. Furthermore, post hoc ASL-MRI completer analyses-demonstrating increases in orbitofrontal metabolism with metformin but not placebosuggest a potential mechanism of action related to effects on frontal-executive pathways. The orbitofrontal cortex is a key prefrontal region involved in information encoding, 38 and decreases in regional metabolism have been observed in individuals with AD. 39 It is important to note, however, that the observed changes on ASL-MRI occurred in ventral brain regions that are potentially sensitive to motion and co-registration artifacts, and thus require replication. Accordingly, further study of the effects of metformin on more comprehensive measures of frontal-executive functioning and frontal regional cerebral metabolism may help to elucidate the mechanism and clinical relevance of these findings.
It is important to acknowledge several limitations of this exploratory study. First, the crossover design of the trial did not include a washout period, such that some of the effects measured after the crossover point in the trial may have been the result of lingering effects of metformin in individuals who were randomized to group 2 (metformin then placebo treatment sequence). In addition, we collected CSF at baseline and week 8 and would have liked to collect CSF at the end of the overall trial (week 16). Doing so would have allowed a longitudinal assessment of CSF analytes and AD biomarkers using mixed-effects models, but we chose to exclude a third LP from the original trial design given concern for participant tolerability. Lastly, we encountered technical challenges during ASL-MRI data acquisition. Although most subjects underwent MRI acquisition at all planned time points, data from a relatively large number of scans (> 30%) had to be rejected due to the presence of ASL imaging artifacts. These artifacts are caused by insufficient labeling, subject motion, MRI distortion, and the intrinsically low signal-to-noise ratio of pseudocontinuous ASL-MRI. Artifacts are also more severe in AD subjects due to reduced CBF (lower signal) in this population. Given the amount and random distribution of this missing data, we undertook post hoc completer-only analyses in addition to intent-to-treat analyses. We must, however, acknowledge the limitations of conclusions drawn from these exploratory findings. In addition, it is important to acknowledge the possibility that the study may have been underpowered, given the combination of small sample size and missing data (especially for the MRI analyses).
The deep-phenotyping trial design used in this study may serve as a template for future early-stage translational research of potential therapeutics for AD. Standard phase II safety and efficacy trials of disease-modifying interventions for AD are traditionally lengthy, large, and expensive, especially for MCI and early AD when rates of clinical progression are variable and frequently slow. 40, 41 Given this, there is an urgent need for the field to establish and embrace more efficient early-phase clinical study designs that provide evidence of target engagement and therapeutic efficacy, typically through the measurement of surrogate biomarkers. Over the last decade, a number of sensitive cognitive, neurophysiological, and biochemical biomarkers have emerged that may help to accelerate the pace of discovery, screening, and development of AD preventions and interventions. We hope to see additional clinical studies that utilize this approach, particularly with a focus on repurposing existing drugs with AD-relevant mechanisms that are already available for treating other conditions and known to be safe and well-tolerated in humans. These hypothesis-driven trials must demonstrate that agents engage a CNS target relevant to AD, alter a biomarker that can be used to track functionality, and ideally demonstrate an effect on cognition and functioning. 
